Using a sample of 215 supernovae (SNe), we analyze their positions relative to the spiral arms of their host galaxies, distinguishing grand-design (GD) spirals from non-GD (NGD) galaxies. We find that: (1) in GD galaxies, an offset exists between the positions of Ia and core-collapse (CC) SNe relative to the peaks of arms, while in NGD galaxies the positions show no such shifts; (2) in GD galaxies, the positions of CC SNe relative to the peaks of arms are correlated with the radial distance from the galaxy nucleus. Inside (outside) the corotation radius, CC SNe are found closer to the inner (outer) edge. No such correlation is observed for SNe in NGD galaxies nor for SNe Ia in either galaxy class; (3) in GD galaxies, SNe Ibc occur closer to the leading edges of the arms than do SNe II, while in NGD galaxies they are more concentrated towards the peaks of arms. In both samples of hosts, the distributions of SNe Ia relative to the arms have broader wings. These observations suggest that shocks in spiral arms of GD galaxies trigger star formation in the leading edges of arms affecting the distributions of CC SNe (known to have short-lived progenitors). The closer locations of SNe Ibc vs. SNe II relative to the leading edges of the arms supports the belief that SNe Ibc have more massive progenitors. SNe Ia having less massive and older progenitors, have more time to drift away from the leading edge of the spiral arms.
INTRODUCTION
Many studies have been performed to find the links between different types of supernovae (SNe) and stellar populations of host galaxies (e.g. Navasardyan et al. 2001; Anderson & James 2009; Hakobyan et al. 2009; Kelly & Kirshner 2012; Georgy et al. 2012; Nazaryan et al. 2013; Anderson et al. 2015) , and estimate the possible ages of SN progenitors (e.g. Anderson et al. 2012; Kuncarayakti et al. 2013a,b; Crowther 2013) . Studies of the spatial distribution of SNe in host galaxies give further insights on the nature of their progenitors. In particular, the relations between distri-1998, 1999) . However, there is also another interpretation, largely based on simulations, in which such arms are short-lived and recurrent structures (see review by Sellwood 2013) . GD galaxies are usually associated with stellar bars (e.g. Sanders & Huntley 1976; Elmegreen & Elmegreen 1989; Ann & Lee 2013) , or density waves caused by the tidal field of a nearby neighbor (e.g. Toomre & Toomre 1972; Kormendy & Norman 1979; Kendall, Kennicutt & Clarke 2011; Casteels et al. 2013) . In contrast to GD spiral galaxies, flocculent and multi-armed spiral galaxies are likely formed from gravitational instabilities, or are sheared star formation regions (e.g. Seiden & Gerola 1982; Elmegreen, Elmegreen & Leitner 2003) .
The distribution of stellar ages in spiral arms have been studied in GD galaxies. Investigating the dynamics of spiral galaxies, Roberts (1969) proposed that the piled up gas in a spiral arm experiences a strong shock that triggers star formation. He suggested that in the case of trailing spiral arms, young stars and HII regions inside the corotation radius are located in the inner edges of observable arms, and in the case of leading spirals they occur in the outer edges. Many studies were performed to find the predicted offsets between tracers of star formation (e.g. Vogel et al. 1988 ; Garcia-Burillo, Guelin & Cernicharo 1993) using eyedetermination of the offsets, which could potentially affect the results. Applying a numerical method on 14 nearby disc galaxies, Tamburro et al. (2008) found that the radial dependence of the azimuthal offset between the HI and 24 µm emission is in agreement with the prediction of Roberts (1969) . However, using the same method for another sample, Foyle et al. (2011) found no systematic ordering of angular offsets.
The study of different types of SNe as tracers of star formation caused by density waves and their distributions relative to spiral arms can help to better constrain the nature of SN progenitors. Types Ib, Ic, and II SNe, collectively called core-collapse (CC) SNe, are considered to be a result of gravitational collapse of young massive stellar cores in the final stage of the stellar evolution with initial masses 8 M⊙. Moreover, CC SNe are well associated with star-forming sites (e.g. van Dyk et al. 1996; Tsvetkov et al. 2001; James & Anderson 2006; Anderson & James 2008; Anderson et al. 2012) . SNe Ia are thought to originate from a thermonuclear explosion of C/O white dwarfs (e.g. Maoz & Mannucci 2012) . The rate of SNe Ia in spiral galaxies suggests that a significant fraction of their progenitors belongs to the stellar population with intermediate ages and they can be considered as weak tracers of star formation (e.g. Cappellaro, Evans & Turatto 1999; Mannucci et al. 2005; Li et al. 2011; Hakobyan et al. 2011) .
In the pioneering study of Moore (1973) , the locations of 19 SNe in host galaxies were investigated. He found that over half of the SNe occur at the innermost edge of a spiral arm, and estimated that their lifetimes are less than five million years with masses greater than 35 M⊙. Maza & van den Bergh (1976) measured the positions of 84 SNe relative to the spiral arms and found that the locations of SNe II are more concentrated relative to the arms than are the locations of SNe I (at that time SN types Ia, Ib, and Ic were not considered separately). Using a larger sample, Bartunov et al. (1994) studied the distribution of SNe Ia, Ib/c, and II relative to spiral arms and found that all SNe are distributed closer to the spiral arms comparing with random distribution in discs. McMillan & Ciardullo (1996) and Petrosian et al. (2005) found that CC SNe are more tightly concentrated to the arms than Ia. Finally, Mikhailova et al. (2007) found that SNe Ibc 1 are concentrated to the inner edges of the spiral arms. They noted that there is a difference between the distribution of Ibc and II SNe, and conclude that the progenitors of Ibc SNe are younger.
These studies used different samples of SNe, various methods of analysis and inhomogeneous data of SNe and their host galaxies. In particular, the spiral arms were traced by images of different quality, which is caused by various distances of the objects, exposure times, filters, etc. In addition, widths, shapes, and edges of spiral arms usually were determined visually, which also could affect the results.
In our first paper of this series (Hakobyan et al. 2012 , hereafter Paper I) we have reported the creation of a large and well-defined data base that combines extensive new measurements and a literature search of 3876 SNe and their 3679 host galaxies located in the sky area covered by the SDSS Data Release 8 (DR8). This data base is much larger than all previous ones, and provides a homogenous set of global parameters of SN hosts, including morphological classifications and measures of activity classes of nuclei. In addition, we have analysed and discussed many selection effects and biases, which usually affect the studies of SNe. In the second paper (Hakobyan et al. 2014 , hereafter Paper II), we have analysed the number ratios of different SN types in spirals with various morphologies and in barred and unbarred galaxies, different levels of morphological disturbance, and activity classes of nucleus. We proposed that the underlying mechanisms shaping the number ratios of SN types could be interpreted within the framework of interactioninduced star formation, in addition to the known relations between morphologies and stellar populations. In the third paper (Hakobyan et al. 2016 , hereafter Paper III), we have presented an analysis of the impact of bars and bulges on the radial distributions of SNe in the stellar discs of S0-Sm host galaxies. We suggested that the additional mechanism shaping the distributions of Type Ia and CC SNe can be explained within the framework of substantial suppression of massive star formation in the radial range swept by strong bars, particularly in early-type spirals. We refer the reader to Papers I, II and III for more details.
In this fourth paper of the series, we investigate the distribution of different types of SNe relative to spiral arms taking into account the intrinsic properties of arms in order to find links between the distributions of the various SN types and arm's stellar populations. Moreover, considering possible differences of the distributions of various stellar populations in GD and multi-armed/flocculent spirals (e.g. Dobbs & Pringle 2010; Sánchez-Gil et al. 2011) , we investigate the distribution of SNe in these subsamples of host galaxies.
The outline of this paper is as follows: Section 2 describes the sample. In Section 3, we provide a description of the spiral arm classification and extraction from the images, and the arm tracing method in the vicinity of the SN. We present our results in Section 4 and discuss them in Section 5. Our conclusions are summarized in Section 6. Throughout this paper, we adopt a flat cosmological model with Ωm = 0.27, ΩΛ = 0.73 and a Hubble constant H0 = 73 km s −1 Mpc −1 (Spergel et al. 2007 ), both to conform with the values used in our data base (Paper I).
SAMPLE SELECTION
The sample of this study is drawn from the catalog of Paper I, 2 which contains 3876 SNe (72 SNe I, 1990 SNe Ia, 234 SNe Ibc, 870 SNe II, and 710 unclassified SNe) from the area covered by the SDSS DR8 and homogeneously measured parameters of their host galaxies. Note that for SNe II it includes also subtypes IIP, IIL, IIn, and IIb. The last SN included in the sample of Paper I is SN 2011bl, discovered on 2011 April 5.
The analysis of the distribution of SNe relative to spiral arms requires a well-defined sample and high angular resolution images of the SNe hosts. We selected our sample of SNe and their hosts according to the following criteria:
• SNe with available spectroscopic classification;
• SNe with available measurement of position 3 ; • SNe located outside the circumnuclear region (we set a lower limit of 15 per cent of the host galaxy angular radius RSN/R25 > 0.15) 4 , as well as outside any bar, interarm HII region 5 or overlapping region of two spiral arms; • host galaxies with Sa-Sd morphological types;
• host galaxies without a strong morphological disturbance (excluding interacting, merging and post-merging classes of Paper II);
• host galaxies with angular size D25 40 ′′ (to better distinguish the spiral arms);
• host galaxies with inclination i 40 • (to minimize absorption and projection effects);
• host galaxies whose surface brightness are not strongly contaminated by foreground Milky Way stars 6 .
After applying these restrictions, the final sample of our study consists of 215 SNe in 187 host galaxies. The distribution of the different types of SNe according to the host galaxies morphological types is given in Table 1 .
DATA REDUCTION
In our study, the background subtracted and photometrically calibrated g-band images from the SDSS DR8 were used: among the SDSS channels with good signal-to-noise ratio (g, r, i), the arm-interarm contrast is the highest in 2 Parameters of several SNe and their host galaxies were revised in Aramyan et al. (2013) . 3 The SN position is usually provided by the SN catalogues via its offset from the host galaxy nucleus, or equatorial coordinates. 4 R 25 is the host galaxy g-band 25th magnitude isophotal radius R 25 = D 25 /2. 5 In bulge+disc subtracted images SNe 2001ed (Ia) and 1961I (II) are located on interarm HII regions and thus are excluded from our sample. 6 We selected only host galaxies for which at least two of inner edge, outer edge, and the arm peak were determined. the g-band, as it traces the young stellar populations in the spiral arms. These images were further analyzed to distinguish the spiral arms from the interarm regions. The whole reduction process is given below.
Determination of spiral arm classes
The spiral arm classes of all 187 host galaxies were determined visually from the g-band SDSS images, following the spiral arm classification of Elmegreen & Elmegreen (1987) , who gave a numerical designation of arms according to flocculence and degree of chaos. The galaxies with arm class 12 contain only two long and symmetric arms dominating the optical disc, and the ones with class 9 have two inner symmetric arms, and multiple long outer arms. In all other cases the arms are fragmented (classes between 1 and 4), feathery/irregular (classes between 5 and 7) or tightly warped/ring-like (class 8). Classes 10 and 11 were previously denoted to bars and companions and are no longer used. Then the galaxies were assigned as GD (classes 9 and 12) or non-GD (NGD, all classes except 9 and 12). According to Elmegreen & Elmegreen (1987) , the most common mis-classifications of arm classes are from 2 or 3 to 4 or 5 (or vice versa) and from 9 to 12 (or vice versa). Because we separate the host galaxies arm classes into two broad subsamples GD and NGD, the possible misclassification of GD into NGD (or vice versa) is negligible.
In order to test our classification, the whole sample of host galaxies was classified twice by two different coauthors. By comparing these two classifications, we determined that our classification was 97 per cent reliable.
Spiral arm structures
Using the version 2.18.4 of SExtractor software (Bertin & Arnouts 1996) , we carried out a procedure to isolate the spiral structure of the galaxies. We first fitted all g-band SDSS images of the host galaxies in the sample with bulge+disc models (r 1/4 bulge and exponential disc profiles are used for all galaxies).
The modeled bulge+disc was then subtracted from each original image. In the following, we describe how we use the residual image for determining the location of the spiral arms and their radial profile relative to the position of the SN. Fig. 1 illustrates the procedure on two spiral galaxies. 
Position of SN with respect to spiral arm
To avoid effects due to different distances of the host galaxies, the image of the host galaxy is smoothed with a Gaussian filter with σ = 0.25 pixel × 100/D, where D is the comoving distance of the galaxy in Mpc. Because the exponential fits of the discs use light from both the arm and interarm regions, the values of pixels in the interarm regions of the residual images are negative. These are replaced with a null value, and a zero threshold defines the inner and outer borders of the spiral arms.
To study the distribution of SNe with respect to spiral arms, at first the closest spiral arm structure to the SN is defined (for interarm SN we define the closest spiral arm as the one with the closest edge). The closest segment of spiral arm to SN position is fixed along the radial line passing through the galaxy nucleus and SN location (e.g. upper panel of Fig. 2 ). The radial light profile is obtained using the SAO DS9 analysis tool with the linear region option. The coordinates of the nucleus and the isophotal radius R25 of the host galaxies are those provided in the data base of Paper I. Accordingly, arm profiles are constructed (bottom panel of Fig. 2 ). Four representative arm profiles of GD spirals and four arm profiles of NGD spirals are given respectively in the left-and right-hand panels of Fig. 3 .
We define arm and interarm SNe, those that respectively lie inside the arm borders or in the interarm region, respectively.
In the cases when the profile is contaminated by star(s) or by the SN (when the SN is still visible in the SDSS image, e.g. SN 2000dq in Figs. 1 and 3) , we fit the contaminant with a Gaussian profile and subsequently subtract it from the global profile. In the cases when the edges of several spiral arms overlap, we fit the profile with a multi-Gaussian function (the number of components equals the number of visible spiral arms). We also apply a multi-Gaussian when the brightest pixel is shifted from the middle of arm borders by more than 10 per cent of the arm width, or when the profile of the arm shows a multi-peak structure.
Normalized distances along arm profiles
To study the SNe distributions relative to spiral arms, two different approaches for the normalization of the distances are applied. In the first approach, the distance 7 dSN of an SN from the inner edge (at galactocentric radius r = r−) of the spiral arm is normalized to the width W , defined as the distance between inner and outer edge (at galactocentric radius r+) of the arm (e.g. Maza & van den Bergh 1976; Bartunov et al. 1994; Mikhailova et al. 2007 ):
where W = r+ − r− is the width of the arm along the radius vector passing through the galaxy nucleus, as well as r− and r+ are the radial distances of inner and outer edges, respectively. It is important to note that due to the orbital motion of disc and spiral arms, the rSN − r− distance depends on the pitch angle of spiral arm, that can vary from galaxy to galaxy. However, the same dependence is true also for the arm width (r+ − r−), determined through the same radial direction. Therefore, the normalized distance has the advantage of being independent from the pitch angle of the considered segment of spiral arm. 8 According to this definition, interarm SNe close to the inner edge of the spiral arm have d1 < 0, while interarm SNe closer to the outer edge have d1 > 1.
We test whether the location of the peak of the bestfit multi-Gaussian changes according to the choice of the threshold value defining the inner and outer borders of the spiral arms. To this end, 10 arm profiles were randomly selected and for each 12 different thresholds were applied. These thresholds were uniformly distributed between 2/3 of the peak value and 1.5 σ above the mean interarm value. For each threshold, we fit the arm profiles and determine the positions of the peaks. The test shows that the standard deviations of the distributions of the positions of arm peaks are about 0.02 − 0.03 of the widths of arms.
Then, we pay attention to the distributions of g-band Gaussian peaks and brightest points in the arm profiles. Fig. 4 shows that the normalized distribution of both the brightest points and the peaks of the profiles are generally located closer to the inner edge than to the outer edge of the spiral arms. In other words, the arm profiles tend to be positively skewed.
In order to check the normality, we compare the distributions of peaks and brightest points in spiral arms with the Gaussian functions with fixed µ = 0.5 (the mean of the distributions) and free µ, respectively. For this purpose we perform a maximum likelihood estimation to find the standard deviations and µ (for the second case) of the Gaussian. We then compare the distribution of (r peak − r−)/(r+ − r−) distances with the best fit functions. To examine the significance of the differences between the distributions in different samples (or between the sample and a best fit function), we employ the Kolmogorov-Smirnov (KS) and AndersonDarling (AD) tests 9 . The corresponding KS and AD prob- Table 2 . The mean, standard deviation, P KS and P AD values of the normality tests of the (r peak − r − )/(r + − r − ) distances of arm peaks and brightest points (BP). The statistically significant differences are highlighted in bold. Table 2 . Table 2 shows that both distributions are Gaussians that are significantly shifted from the middle of spiral arms towards the inner edges.
It is important to note that the brightest points of the arm profiles are often associated with local HII regions and do not represent the general distributions of the g-band light profiles of the spiral arms. We therefore design a second normalization using either the distance between the peak of the spiral arm and its inner edge (W− = r peak − r−), or that between the peak and the outer edge (W+ = r+ − r peak ), depending on whether the SN is located between the host galaxy nucleus and the peak of the spiral arm or outside this region (labeled SNin and SNout respectively in Fig. 5 ). The new normalized distance is then
where rsign(rSN − r peak ) = − for rSN < r peak , + for rSN > r peak .
It is clear that, if we normalize the distances of SNe relative to spiral arms to the widths of arms, the distribution of normalized distances will be systematically shifted and enhanced to the inner part of spiral arms with respect to the second case. Most probably this effect is reflected in the results of Mikhailova et al. (2007) , who found that the distribution of SNe Ibc is skewed towards the inner edges of arms.
We apply this normalization both when the SN is located inside the borders of the spiral arm (e.g. SNout in Fig. 5 ), and when the SN is located outside the borders of spiral arm (e.g. SNin in Fig. 5 ).
RESULTS
In this section, we present a detailed analysis of the distributions of SNe with different locations in GD and NGD spiral host galaxies. In particular, the distributions of SNe in the arm and interarm regions and their dependences on galactocentric distances are analyzed. Among the 215 SNe, 178 are arm SNe, while 37 are interarm SNe. The full list of arm and interarm SNe (Col. 1), their types (Col. 2), host galaxies names (Col. 3), morphological types (Col. 4), spiral arm classes (Col. 5), the SNe galactocentric distances (Col. 6), normalized distances d1 (Col. 7) and d2 (Col. 8) are given in Tables A1 and A2 .
Distribution of SNe relative to spiral arms
The comparison of the distributions of different types of SNe located in spiral arms and interarm regions (Tables A1 and  A2) shows that SNe Ibc are discovered only within spiral arms. The majority (88 ± 2 per cent) of SNe II also belongs Tables A1 and A2 are not considered in both panels. The filled red histograms represent SNe Ia, while the green dashed and blue dotted histograms represent SNe II and Ibc, respectively. Table 3 . The mean, standard deviation, P KS and P AD values of the normality tests of the d 1 distances. The statistically significant difference is highlighted in bold. ative to the inner edges of spiral arms normalized to the width of the arm. This figure and Table 3 show that the distribution of SNe Ia ( d1 = 0.46 ± 0.08) has a symmetrical appearance to the middle of spiral arms. On the other hand, the distribution of SNe Ibc ( d1 = 0.42 ± 0.05) and SNe II ( d1 = 0.43 ± 0.03) are (respectively marginally and significantly) shifted towards the inner edges of arms. The excess of SNe Ibc toward inner edges of arms was also reported by Mikhailova et al. (2007) . They pointed out that the distribution of SNe Ibc follows an exponential law relative to inner edges of spiral arms. However, they fitted with an exponential function the distribution of physical distances of SNe from inner edges, and reported a scale length of 1 kpc. The use of physical distances can significantly bias the results, because spiral arms display a variety of sizes and shapes. We now check the consistency of SN locations relative to the spiral arms of their host galaxies, d1, with the Gaussian function with mean µ = 0.5. For this purpose we perform a maximum likelihood estimation to find the standard deviation of the Gaussian. We then compare the distribution of d1 distances with the best fit function. The corresponding KS and AD probabilities, P KS µ=1/2 and P AD µ=1/2 , are given in Cols. 3 and 4 of Table 3 .
Then, we apply the same test, but without fixing the µ (the mean of the distributions). The P KS free−µ and P AD free−µ values (Cols. 5 and 6 in Table 3) show that the distributions of all types of SNe are consistent with a Gaussian function. However, P AD µ=1/2 = 0.039 value (Col. 4 in Table 3) shows that the distribution of SNe II is not consistent with a symmetric distribution around the middle of the spiral arm. The inconsistency of the distribution of SNe Ibc with a symmetric one around the middle of the spiral arm is not significant (P KS µ=1/2 = 0.280), probably because of small number statistics. The distribution of SNe Ia is not shifted (P KS µ=1/2 = 0.967) with respect to the middle.
When comparing the distribution of d1 distances of various SN types (Cols. 2 and 3 in Table 5 ), in contrast to the KS test (PKS = 0.150), the AD test shows significant difference between the distributions of SNe Ia and II (PAD = 0.013). The difference between the results of tests is due to the difference of distributions in the tails (see also We analyze next the relative positions of different SN types using the second normalization scheme presented in Sect. 3.4. These distributions are shown in the bottom panel of Fig. 6 . The comparison of distributions of various types of SNe in the upper and bottom panels of Fig. 6 shows that with the second normalization, the maximum of SNe Ibc distribution is shifted from inner edges of spiral arms to their peaks (see also Table 4 ).
As for the first normalization scheme, we check the normality of the distribution of d2 distances. The corresponding P Table 4 . These values show that, in contrast to d1, the distributions of d2 for all types of SNe are consistent with a Gaussian centred on the peaks of spiral arms. Therefore, the asymmetric distributions of SNe Ibc (obtained by Mikhailova et al. 2007 ) and II with respect to the middle of spiral arm are just an effect of first normalization scheme of SNe distances, which does not take into account the intrinsic structure of spiral arms.
The differences between the distributions presented in th bottom panel of Fig. 6 again are checked by KS and AD tests (Cols. 4 and 5 in Table 5 ). The tests show that there is a marginally significant difference (probably, because of small number statistics) between Ia and Ibc (PAD = 0.054) as well as a significant difference between Ia and II (PAD = 0.005) SNe distributions. The difference between the distributions of SNe Ibc and II is not statistically significant.
Analyzing the distribution parameters of d2 for various SN types presented in Table 4 , we note that the distributions of all types of SNe show a significant concentration around the peak of the spiral arm. The most concentrated is the distribution of SNe Ibc, then Types II and Ia. In addition, the distributions of d2 distances for all SN types are Gaussian, without a significant shift from the peak of spiral arm profile. The observed large numbers of SNe Ia in interarm regions (Fig. 6 ) is attributed to their long-tailed distribution.
Thus, we show that the intrinsic structure of spiral arms play a crucial role shaping the distribution of CC SNe relative to arms. Therefore, in the remainder of this study we will present and discuss only the distributions of d2 distances.
Distribution of SNe in GD and NGD hosts
The influence of density waves on the star formation in spiral galaxies has been one of the most debated problems, with contradicting observational results (for a recent review, see Dobbs & Baba 2014) . Due to the short lifetimes of their progenitors (e.g. James & Anderson 2006; Smartt 2009; Anderson et al. 2012; Crowther 2013) , different types of CC SNe, considered as tracers of star formation, can help to better understand the influence of density waves on star formation. Particularly, the comparative distribution of different types of SNe relative to spiral arms of the hosts can shed light on the nature of star formation in galaxies with different spiral structures. In our sample of 187 SNe host galaxies, 89 are GD and 98 are NGD spirals. The distribution of SN types in GD and NGD spirals is presented in Table 6 . Because of the small number of SNe Ibc in both samples (10 and 15 SNe Ibc in GD and NGD galaxies, respectively), they are merged with SNe II in the general class of CC SNe.
The distribution of Ia and CC SNe relative to the peaks of spiral arms in GD and NGD galaxies are presented in Fig. 7 . The mean and standard deviation, with their bootstrapped (10 4 times) errors, as well the P KS µ=0 and P KS free−µ values of KS normality tests are given in Table 7 . Here, the results of the AD test are not different from those of the KS test. The P KS µ=0 and P KS free−µ values show that the distributions of CC and Ia SNe in both types of host galaxies are consistent with Gaussian distributions centred on the peaks of spiral arms (Table 7) .
The results of the comparison of the distributions of d2 of Ia and CC SNe in GD and NGD galaxies is given in Table 8 . The KS and AD tests show that, in both types of host galaxies, the d2 radial positions of Type Ia and CC SNe within the spiral arms are significantly different. The KS probability that such differences could arise by chance are 0.012 (GD hosts) and 0.023 (NGD hosts).
Analyzing both panels of Fig. 7 , we see that, in both types of host galaxies, CC SNe are concentrated towards the peaks of spiral arms. For SNe Ia, a concentration close to the peak of spiral arm in GD galaxies is observed, while not in NGD galaxies, which actually show a remarkable absence in the corresponding peak. Finally, comparison of CC (as well as Ia) SNe distributions in GD and NGD galaxies shows no significant difference (see Table 8 ).
It is interesting to note, that the distribution of CC SNe in NGD galaxies is more extended (σ = 0.59 ± 0.06) than that in GD galaxies (σ = 0.51 ± 0.04), although the difference is not statistically significant. There are more (16 per cent). From Table 7 , we note that the sigmas (σ) of the distributions of SNe Ia in GD and NGD galaxies are consistent. The differences between the distributions of SNe Ia and CC SNe in both GD and NGD galaxies are attributed to the remarkably extended distributions of SNe Ia.
Radial behaviour of SNe distributions in spiral arms
The spatial distribution of SNe in host galaxies provides strong constraints on the nature of SN progenitors as well establishes the relations with stellar population of the Hakobyan et al. 2009; Paper III) . Therefore, we investigate the possible dependence of d2 on the deprojected radii (RSN) of the SNe, normalized to the R25 of their hosts (RSN/R25). Fig. 8 presents the radial trend for various SN types. Since we aim to investigate the possible influence of density waves on the distribution of SNe in spiral arms, here we consider only arm SNe, although, for better visualization, the interarm SNe are also shown in Fig. 8 . In the full (GD+NGD) sample of hosts for both types of CC SNe, there is a positive correlation between d2 and RSN/R25 (see solid trendlines in the middle and bottom panels of Fig. 8 ). Both SNe Ibc and II at smaller radii are enhanced in the inner parts of spiral arms (before the peak of spiral arm), and at larger radii the enhancement is shifted to the outer parts (after the peak of spiral arm).
Interestingly, Figure 8 indicates that the trendlines of SNe Ibc and II cross the arm peak at approximately the same galactocentric distances. Noting that the corotation radii reported in Scarano & Lépine (2013) , normalized to the R25 of each galaxy, obey rcor/R25 ≈ 0.45 ± 0.03, we find that the trendlines of SNe Ibc and II cross the arm peak at roughly the location of the corotation radius.
To check the significance of the radial trends, we use the Spearman's rank correlation test. For the full sample of the hosts, the P -values of the hypothesis that there is no dependence between d2 and RSN/R25 are presented in Column 5 of Table 9 . The number of SNe, a coefficient of the d2 = a (RSN/R25)+b linear interpolation between d2 and RSN/R25, and ρ parameter of Spearman's rank correlation test are given in Cols. 2, 3 and 4 of Table 9 , respectively. Table 9 shows that the trends for both SNe Ibc and II in the full sample are significant.
To strengthen the results, we merge together SNe Ibc and SNe II into a CC SNe sample. We use the rcor/R25 demarcation radius to separate the samples of SNe into two radial bins. The KS and AD tests show that the difference of d2 distributions of CC SNe in these radial bins is statistically significant (PKS = 0.036 and PAD = 0.010).
Summarizing the results for SNe Ibc and II in the full sample, we conclude that: (1) there are significant positive correlations between d2 and RSN/R25; (2) in most cases, the positions of CC SNe are inside (outside) the peak of the spiral arms for galactocentric radii smaller (larger) than the mean corotation radius, rcor/R25 ≈ 0.45 ± 0.03. We will discuss these results below merging them with appropriate results obtained for GD and NGD subsamples.
We now investigate the existence of the possible radial trends of d2 distributions for SNe Ibc and II separately in GD and NGD galaxies. The Spearman's rank correlation Pvalues of the radial trends are presented in Cols. 9 and 13 of Table 9 . The definition of Cols. 6, 7, 8 and 10, 11, 12 is similar to Cols. 2, 3 and 4, but represent the values in GD and NGD galaxies, respectively. Here, the small number statistics for SNe Ibc probably play a role. Having this in mind, a positive significant correlation is observed in GD hosts for SNe II between d2 and RSN/R25. An even stronger correlation (ρ = 0.57) occurs for SNe Ibc, but it is not statistically significant probably due to the small number statistics (only 7 SNe Ibc in GD hosts). In contrast, in NGD galaxies we find no significant correlations between d2 and RSN/R25 for SNe Ibc and II. Table 9 . Spearman's rank correlation P -values of the radial trend of SNe distribution relative to the peaks of spiral arms. The statistically significant trends are highlighted in bold.
SNe
All spirals GD galaxies NGD galaxies Similarly to the full sample of host galaxies, we split the CC SNe sample into two radial bins using the demarcation radius of rcor/R25 , for SNe in both GD and NGD host galaxies, and compare the distributions of their d2 parameters. The results of KS and AD tests for GD and NGD hosts are PKS = 0.082 (PAD = 0.024) and PKS = 0.496 (PAD = 0.281), respectively. This means that, in contrast to NGD galaxies, the density waves of GD galaxies can strongly act on the star formation processes, thus exhibiting significant differences between distributions of CC SNe relative to peaks of spiral arms inside and outside the corotation radius. Most probably, the absence of such a distribution in the younger stellar component of NGD galaxies is due to the weaker nature of the density waves in NGD spirals.
In contrast to CC SNe, Fig. 8 and Table 9 show that the distribution of SNe Ia in spiral arms does not depend on the galactocentric radius in the full sample, as well as in both GD and NGD galaxies separately. Similar to CC SNe, we split the SNe Ia sample into two radial bins with the demarcation radius and compare the d2 distributions of these SNe inside inner and outer radial bins. The differences between the two distributions in the full (PKS = 0.882 and PKS = 0.720), GD (PKS = 0.919 and PAD = 0.722) and NGD (PKS = 0.904 and PAD = 0.815) samples are not significant. It is important to note that the number of interarm SNe Ia is enhanced at smaller radii (see Fig. 8 ), which is probably due to the contribution of the old bulge component. However, we do not exclude that a significant part of these interarm SNe Ia belong to the disc population (Paper III).
DISCUSSION
The results described above deserve a deeper analysis in order to fully understand all the possible implications in the context of the host galaxy spiral structure and SN progenitor scenario.
Although the difference between the distributions of d2 distances of the locations of SNe relative to the peak of spiral arms, normalized to the inner/outer semi-widths) of CC SNe in GD and NGD galaxies is not statistically significant (Sect. 4.2), the radial dependence of these distributions in GD and NGD galaxies have different behaviors (Sect. 4.3). In particular, in GD galaxies, a positive significant correlation exists between the galactocentric radius of SNe II and d2, and an even stronger (but not significant) correlation occurs for SNe Ibc. In contrast, in NGD galaxies there are no significant correlations between these parameters. Since the progenitors of SNe Ibc and II belong to young stellar populations, we interpret the differences as the consequence of star formation processes in spiral arms and their differences between GD and NGD galaxies.
In NGD galaxies, the spiral arms are believed to originate from the shear of HII regions due to the differential rotation of the discs (e.g. Seiden & Gerola 1982; Elmegreen et al. 2003; Dobbs, Burkert & Pringle 2011) . In contrast to GD galaxies, their spiral arms corotate with the discs and do not show signs of shocks in their leading edges (see review by Dobbs & Baba 2014) . Therefore, one does not expect young stars to be concentrated towards one of the edges of arms in NGD galaxies. This scenario also predicts the absence of radial trends for the distributions of SNe Ibc and II inside the spiral arms. In NGD galaxies, we found that CC SNe are more concentrated towards the peaks of spiral arms than SNe Ia. Moreover, despite small number statistics, in NGD galaxies we found different concentration levels for SNe Ibc and II. In particular the mean absolute d2 distance of SNe Ibc is 0.27 ± 0.08 (N = 13) and for SNe II is 0.49 ± 0.07 (N = 39). An AD test shows that the difference between the distributions of absolute distances of SNe Ibc and II from the peaks of spiral arms is barely significant (PAD = 0.074, while PKS = 0.207). Hence, in NGD galaxies the shortest mean distance to the peak of spiral arm is for SNe Ibc. In addition, the distribution of any SN type inside the spiral arms in NGD galaxies does not show any significant radial trend.
Assuming that 1) the g-band profiles of spiral arms represent the distribution of young stars, and 2) the peaks of spiral arms of NGD galaxies are the most suitable sites of the star formation, we propose that when the concentration of a given type of SNe towards the arm peak is higher, their progenitors are younger (more massive in the context of singlestar evolution). Thus, a mass sequence Ia-II-Ibc for the SN progenitors is expected, in agreement with those from the literature obtained by the association of various SN types with the Hα emission of the host galaxy (e.g. James & Anderson 2006; Anderson & James 2008; Anderson et al. 2012) . This also confirms the result of Kelly, Kirshner & Pahre (2008) for the local environment of the SNe, that SNe Ibc prefer to lie in relatively bright regions, in comparison with SNe II and Ia.
The distribution of SNe inside the spiral arms of GD galaxies is quiet different. In particular, in GD galaxies we found a significant shift between the distributions of distances of CC and Ia SNe from the peaks of spiral arms. In order to understand the possible effect of density waves on the observed offset, we pay attention to the fig. 4 density wave on the B -and I -band profiles of spiral arms before corotation radius. This figure shows that the strong density waves that cause the young stars to concentrate in the inner (leading) edges of spiral arms, lead to an intensity (brightness) profile that is skewed to the inner regions of spiral arms in the short wavebands (B and g) in comparison to the longer ones (I, e.g. del Rio & Cepa 1998; Martínez-García, González-Lópezlira & Bruzual-A 2009 ). This effect is schematically illustrated in fig. 1 of Martínez-García et al. (2009) . It is probably also reflected on the corresponding distributions of CC SNe versus SNe Ia in the upper panel of Fig. 7 .
In addition, we found an offset (though non-significant) between the distributions of distances of SNe Ibc and II from the inner edges of the spiral arms. The observed offset between all types of SNe is ordered with the following sequence from inner edges Ibc-II-Ia (as in NGD galaxies). It is important to note that in GD hosts, there is a statistically significant positive correlation for arm SNe II between d2 and RSN/R25. The same correlation is found for SNe Ibc, with an even higher slope, but not significant because of small number statistics. The positions of both types of SNe beyond RSN/R25 ≈ 0.45 (roughly the mean corotation radius) are now typically outside the peaks of the arms through the radius vector, while at smaller radii the positions of SNe are typically inside the peaks of the arms. Similar trends for star-forming regions are observed in some GD galaxies (e.g. Cedrés et al. 2013) .
Adopting an average corotation radius of 0.45 R25, the mean distances (d1 inside and 1 − d1 outside the corotation radius, respectively) of SNe Ibc and II from leading edges of spiral arms are 0.25 ± 0.07 and 0.44 ± 0.03, respectively. KS and AD tests show that the difference between the distributions of SNe Ibc and II relative to leading edges of spiral arms is statistically significant (PKS = 0.026 and PAD = 0.011). According to the dynamical simulations by Dobbs & Pringle (2010) , the observed concentration sequence towards the leading edges of spiral arms indicates a lifetime sequence (see the top-left panel of fig. 4 in Dobbs & Pringle 2010) for their progenitors (from youngest to oldest). Therefore, one may gain information about the lifetimes of SN progenitors from the amplitude of the shift and the adoption of an average corotation radius (the greater the mean distance from the leading edge, the longer is the progenitor's lifetime). It is important to note that the real migration of stars from their birthplace in the spiral arms is quite complex (e.g. Kubryk, Prantzos & Athanassoula 2013; Halle et al. 2015 ) and a detailed analysis of it is beyond the aim of this paper that tackles the issue just qualitatively.
The scheme of star formation in a model of a GD galaxy with two spiral arms with the directions and relative sizes of drifts from birth places up to the explosion for various SNe is given in the Fig. 9 . Inside the corotation radius (dashed circle), star formation processes generally occur in a shock front at the inner (leading) edges of spiral arms. Since the disc rotates faster than the spiral arms inside the corotation radius, newborn stars near inner edges move towards the outer edges of spiral arms. On the contrary, outside the corotation radius, stars are caught up by the spiral arms, hence move from the outer edges of the arms towards the inner edges of spiral arms. In the corotation zone, there are no triggering mechanisms of star formation, such as spiral shocks. The main mechanism of star formation in this region (dotted surface of arms) is gravitation instability (as in NGD galaxies). Therefore, in this region, the distribution of SNe inside the spiral arms should have the same behavior as in NGD galaxies. Moreover, because of the absence of spiral shocks in this region, star formation (e.g. Elmegreen, Elmegreen & Montenegro 1992) , hence the number of CC SNe, should exhibit a drop. Since more massive stars live shorter than less massive ones, their explosion sites are, on average, closer to the leading edges of arms where they born. The observed significantly shorter distances of SNe Ibc from the leading edges of spiral arms show that their progenitors are younger (more massive) than those of SNe II. This result is in agreement with the singlestar progenitor scenario of SNe Ibc.
Since we cannot directly measure the corotation radii, using instead isophotal radii to scale our host galaxies, any dispersion of the corotation-to-isophotal radius ratio will blur the expected radial drop near corotation (see the continuous distribution in CC SN positions within arms versus galactocentric radius in Fig. 8) . Nevertheless, the observed intersection of the linear fits to the normalized locations of CC SNe within arms (in units of isophotal radii) with the peaks of arms at precisely the typical corotation radii (again in units of isophotal radii) supports our conclusion that the locations of SNe are a combination of the circular velocity of stars in the disc relative to the pattern speed of the spiral arms and the ages of the progenitors.
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Our results show that to constrain the nature of CC SN progenitors, it is very important to take into account the spiral arm classes of host galaxies, as well the locations of SNe relative to the spiral arms of their host galaxies. We illustrate this in Fig. 10 , where we show the best-fit Gaussians to the CC SNe distributions in NGD and GD galaxies, as well the distributions in inner (RSN/R25 0.45) and outer (RSN/R25 > 0.45) galactocentric distances. Fig. 10 shows that the distribution of distances of CC SNe relative to the peaks of spiral arms in NGD and GD (without radial separation) galaxies are similar, repeating our finding of Sect. 4.2 that the differences of these distributions are not statistically significant. However, when we separate the distribution in GD galaxies into two radial bins, they exhibit an obvious offset between each other, as well from the peaks of spiral arms, as we previously found in Sect. 4.3. The difference of the distributions of CC SNe in inner and outer radial bins of NGD galaxies is not statistically significant (Sect. 4.3). This shows that the distributions of d1 and d2 distances of SNe Ibc and II in the whole sample of host galaxies are the combinations of 3 different distributions: the one in NGD galaxies; the distribution at smaller (RSN/R25 0.45) and larger (RSN/R25 > 0.45) galactocentric distances of GD galaxies. Therefore, their combined distributions are less informative for the ages of SN progenitors. It is important to note that the previous studies (e.g. Bartunov et al. 1994; Mikhailova et al. 2007) suffer from this effect, and the obtained mean distances of SNe from the arm peaks in joint samples of host galaxies (GD+NGD) do not represent the mean distances from the birth places of SNe.
We stress that the d2 distribution of SNe Ia relative to spiral arms of GD and NGD galaxies exhibits a similar behavior. In both types of galaxies, these distributions are significantly different from the distributions of CC SNe. In addition, in both samples of galaxies these distributions do not show any significant dependence on galactocentric distances. This means that the progenitors of SNe Ia arise from a population that is old enough to migrate away (in both radial and azimuthal directions) from their birth places during their lifetimes, thus representing only the distribution of the older stellar population.
CONCLUSIONS
In this fourth paper of our series of articles on the relation between SNe and their host galaxies, we analyse the distributions of different types of SNe relative to spiral arms of galaxies with different arm classes. We use a large and homogeneous sample to study the nature of SN progenitors, through the star formation processes in spiral galaxies and their possible triggering mechanisms. The sample of this analysis consists of 187 spiral galaxies, which host 215 SNe in total. Out of these 215 SNe, 106 occurred in GD galaxies and 109 in NGD galaxies.
The main results of the article and their interpretations are summarized below.
(i) The most significant parameter for a quantitative analysis of the spatial distribution of SNe inside the spiral arms is d2 (the distance of an SN from the peak of its spiral arm, normalized to the inner/outer semi-width), as defined in Sect. 3.3 (eq. [2] ).
(ii) For all SNe, the distribution of d2 values is in agreement with a Gaussian, centred on zero (corresponding to the peak of the arm). However, SNe Ibc are most concentrated around the arm peaks, SNe II less so, while SNe Ia display the weakest concentration around the peaks.
(iii) The distributions of SNe Ia and CC SNe relative to peaks of spiral arms are significantly different from each other in both GD and NGD galaxies. Moreover, the peaks of the distributions of Type Ia and CC SNe in GD galaxies show offsets similar to the color gradients in spiral arms, as predicted from density wave theory (e.g. del Rio & Cepa 1998; Martínez-García et al. 2009 ).
(iv) In NGD hosts, no significant correlation is observed between d2 and RSN/R25 for arm SNe Ibc and II. This is probably due to the nature of spiral arms of NGD galaxies, that reflects the distribution of massive star formation in arms of these hosts.
(v) In GD hosts, a statistically significant positive correlation is observed between d2 and RSN/R25 for arm SNe II. An even stronger correlation is present for SNe Ibc, but is not statistically significant, due to their small number statistics. Most probably, because of the shorter lifetimes of their progenitors, the slope of the radial trend of SNe Ibc is higher than that for SNe II.
(vi) In GD galaxies, the distribution of d2 distances of CC SNe in two different radial bins (with demarcation radius rcor/R25 ≈ 0.45) are significantly different, while in NGD the difference is not significant.
(vii) A similar comparison of the distributions of d2 of SNe Ia with the same demarcation radius (rcor/R25 ≈ 0.45) in both GD and NGD galaxies shows no significant differences. Moreover, for SNe Ia, d2 shows no significant dependence on RSN/R25.
(viii) In GD galaxies, the distributions of distances of SNe Ibc and II from the leading edges are significantly different. SNe Ibc occur at smaller distances from the leading edges of arms than that of SNe II. Hence, the d2 versus RSN/R25 correlation for SNe Ibc and II in GD galaxies is in agreement with the density wave-induced star formation model and with the following lifetime sequence of SN progenitors: Ibc-II-Ia.
The results of this study show that the distribution of SNe relative to spiral arms is a powerful tool to constrain the lifetimes (masses) of their progenitors and to better understand the star formation processes in various types of spiral galaxies.
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